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SUMMARY

A photoelastic investigation was conducted on scaled models of the Algol IIA
and 1IB rocket engine nozzles to determine pressure and temperature stresses, to
compare theory with experiment, and to obtain a physical understanding of the struc-
tural behavior of the nozzle. Both two and three-dimensional models were employed

in which the Young's modulus ratio of the prototype liner/reinforcement combination

was retained.

The major results were the low stresses observed in the three-dimensional
nozzle model under internal pressure applied to the entrance cone and extending down-
stream as far as the throat. The largest ratio of o/p (induced stress/applied pres~
sure) was not observed to exceed 3, whereas the AGC theoretical analysis showed
values as large as 70. An explanation of this discrepancy was sought, part of which
may be traceable to the section properties of the nozzle assumed by AGC. The cur-
rent investigation indicated a significant departure from the AGC values. In fact, the
data clearly indicated that the nozzle exhibits orthotropic behavior in the sense that
the radial and longitudinal stiffnesses differ widely. Also, qualitative data indicate

the possibility that bond cementing problems could be an important factor in proto-

type design.

Two-dimensional models were employed to determine the relation between
bending moment and stress throughout a longitudinal section of the nozzle. The ex-
perimental data agreed well with the predictions of elementary composite beam theory
generated for this purpose. Photothermoelastic investigations {2D) demonstrated
that the maximum thermal stresses in the nozzle would be expected at the early stages
of firing (within 10 seconds after ignition, according to the temperature data provided
by Aerojet-General). These would be more than double the stresses reported by AGC

at 45 seconds.

After discussing those results in detail, the report concludes with a recom-
mendation for a new design concept which could lead to a significant improvement in

the structural efficiency of the nozzle.
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A PHOTOMECHANICAL INVESTIGATION OF THE
ALGOL SOLID PROPELLANT ROCKET MOTOR NOZZLE

I. General Introduction

A. Purpose of Project

The Algol IIA engine nozzle was fabricated by the Aerojet-General Corporation
(AGC) for the Scout rocket. Because of problems which arose in the performance of
that engine nozzle a redesign version, the Algol IIB, has supplanted the I1A. In order
to assess the role of structural behavior as a possible contributor to the problems in
the IIA (which may have been related to bonding difficulties at the joints of the non-
metallic components), and to determine the structural soundness of the IIB, a project
consisting of two and three-dimensional photomechanical model investigations and
theoretical comparisons was initiated at ARA with the purpose of evaluating pressure
and temperature stresses in the prototype nozzle. This is the final report on that

project, the progress of which was depicted in monthly status reports.

B. Broad Outline of Project

Through discussions with NASA the scope of the program was crystallized at
ARA. The major goal was acquisition of data pertinent to the prototype IIB engine
nozzle. In order to assure relevance of the model data to the prototype structural
performance it was necessary to retain the Young's modulus ratio of the non-metallic
nozzle/steel reinforcement combination. This was accomplished through use of an
epoxy shell/magnesium reinforcement system. In order to extract the pertinent stress
information from the magnesium reinforced region of the three-dimensional model
of the IIB, it was necessary to develop intricate forms of the relatively new bonded
polariscope technique. For establishement of basic data on the structural character
of both the IIA and IIB nozzles, supplementary studies were conducted on two-dimen-
sional models of the longitudinal cross sections of the nozzles to evaluate the relation
between internal moment and local stress, to determine the character of thermal
stress fields induced by a temperature transient applied to the throat, and to ascertain
the nature of the stresses induced by local pressure loads. In addition to providing
specific data on the nozzle responses, these studies were directed'at assisting the

evaluation of stress analysis techniques.
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C. Photomechanical Analysis

1. Principles

The major effort of this project was on photomechanical model analysis.
Photomechanics is the interaction of light with mechanical behavior. The specific
field of investigation of force induced static elastic stresses employing polarized light
has long been known as photoelasticity. The more general terms of photomechanics
includes dynamic studies (strobelasticity), thermal stress analysis (photothermo-
eclasticity), and investigation of the mechanical behavior of viscoelastic structures

(photoviscoelasticity), to name a few.

The current project involves both conventional photoelasticity {PE) and the
recently developed field of photothermoelasticity (PTE). In these cases stress and

fringe order are linearly related through the well-known stress optic law

n = (o;-0,)t/f (1)
in which the material fringe value, f, is determined by mechanical calibration of the
model material. For high precision PTE analysis, this coefficient must be deter-

mined as a function of temperature. On a boundary, one of the principal stresses

could be the pressure which might be applied to load the model, in which case

n = {(o,-p)t/f (2)
Naturally, on a free boundary, p = 0 and

n = o,t/f (3)

2. Use of Technique

When a model is geometrically scaled from the prototype, and the mechanical
properties (specifically E) are in the same proportion as in the prototype, then the
ratio of stress to loading is the same in both model and prototype. For pressure load-

ing, for example

(0/p)y, = (o/pP)y = K {4)




Since o, -0y = nf/t, and it is possible to write 05 = Kap, o, = Kyp, 05 -0y =
(Ka—Kb)p = K_p, then

K. = nf/pt (5)
for model studies. Therefore, in addition to information on actual stress due to load-
ing (pressure, moment, temperature), pertinent data also appear in this report in

terms of the factor K so that prototype behavior may. be deduced directly from the

model studies. This is particularly convenient since scale factors are not involved.
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1. Theoretical Analysis

A. Section Propertices

1. Introduction

Bending and radial section properties were determined theorctically for com-
parison with experimental measurements and with the AGC theory. Basic to these
determinations is the hypothesis that the nozzle behaves essentially as a series of
parallel rings with essentially no axial diffusion of stresses which would tend to warp
initially plane sections. Examination of the validity of that hypothesis is implicit in

the goals of this project.

2. Bending

The bending section modulus was determined from the geometry shown in
Figure 1 utilizing the assumption that plane cross sections remain plane. The conse-
quent linear strain variation and stress distributions are displayed on the figure.

For purposes of analysis a reference stress, o, was selected on the basis of a homo-

O’
geneous c¢ross section

o, = ()i\/[/h2 (6)

The stress in the composite was then computed for both extreme fibers in terms of

0, using the following relations

oo = a = (l-g)2+ mg (2 - g) = EE
© (1-g)'+ 2mg(1-g)(2-g+g2)+ m'g’ z, (7
/ = -ma 1+ (m'l)gz _ %o (8)
92/ 9, = T + (m-Dg(2-g)  Z,

Equations 7 and 8 are plotted in Figure | as a function of percentage reinforcement,

¢, and modulus ratioc, m.

<48

One of the more significant results is the indication of the relative insensi-
tivity of bending stresses to the Young's modulus ratio. As shown in Figure 1, ZI/Z.o
would have an average value of 1. 6 in the range of interest so that a representative

value for ¢,/c, would be 0.6 over a range of 10<m< 18 with less than 10 percent
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variation over a wide range of g. A corresponding percentage variation in ¢,/¢, may

be noted for the same range of m. A representative value for Z,/ Z0 would be 0.4.

3. Radial

Through straightforward application of Lame!' theory for a composite narrow

ring (R >>t) the outside fiber circumferential stress due to pressure may be written
o = (pR/t){1+ Et,/E,t,)"" (9)

However, when the inner and outer radii differ significantly, Equation 9 must be
modified. If the simplified form of Equation 9 is desirable, the radius ratio should

be included for reasonable accuracy,
2 -1
¢ = (pR/t)(1+ R, E;t;/R}E,t,) (10)

where R, and R, are the mean radii of the inner (Region 1) and outer (Region 2) rings,

respectively.

The precise form is obviously more complex involving the radii of the inner

contour, the interface, and the outer contour of the composite.

4. Comparisons

On the basis of the elastic and geometric data for the prototype and for the
models of this investigation, a comparison was made of the theoretical (r/o-o. The
range of data reveal the models to represent reasonably well the structural behavior

of the prototype.

A comparison of the effective thicknesses for bending and radial behaviors is
instructive. If E,/E, is chosen as 13 (for the photoelastic model) and a value of
6 is selected for t,/t,, then the simplified effective reinforcement thickness for the

radial behavior would be, from Equation 10,

t = t, (1+ Et,/E,t,) (11)

or

t = t,(1+6/13) = 1.46t, (12)
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From the standpoint of bending rigidity,
3
E,(te, p) /12 = Ew,Z, (13)
or, after some algebra,

tep = 4.2t (14)
These two results indicate the large difference between the effective radial and

longitudinal thicknesses of the reinforced nozzle. Orthotropic behavior is more to

be expected than the simple isotropic behavior assumed by AGC in the analysis of

Reference 1.

B. ARA Nozzle Analysis

1. Pressure Load

A highly simplified calculation was made for comparison with the photoelastic
observations of pressure induced longitudinal stress in the entrance cone. The load-
ing and geometry are shown in Figure 2. The theoretical value of stress at the lo-
cation shown in the figure for an assumed pressure of 10 psi was found to be 40 psi
(K = o/p = 4). Through use of the elastic photomechanical law, n = ot/f, the fringe
order at that location was calculated to be 0. 2 in a bonded polariscope slice 1/4 in.
thick.

2. Thermal Load

Thermal stresses which were induced in two-dimensional models of the nozzle
cross section principally represented thermal shock behavior for the duration of load-

ing. The three-dimensional (or axisymmetric) stress may be found from the relation
¢ = CeET (15)

where the value of C depends upon the shape of the temperature profile and the geome-

try of the structure.

A representative value for C at an early stage of thermal shock on a 2D model
would be 0. 8, based on data acquired during numerous PTE investigations. Actually,
the value of C would change from 1 to O during a long transient on the edge of a 2D

model and from (1 -v)~' to 0 on the surface of a 3D model.




The 10 second temperature field in the prototype involves a temperature in
the order of 4000F. Using the appropriate values for o, E and v for the graphite

insert,

1=
1

0.8 x (2 x 10™%/F) (2 x 10%psi) (4000F)/ (1 - 0. 25)

or o 16, 000 psi (compression at the throat)

t

C. AGC Nozzle Analysis

1. Summary

Pressure stress analysis of the Algol nozzles was performed through use of

a ring type computer program on the steel reinforcement with and without modifi-

cations to the metal thickness to account for the presence of the refrasial and carbon.

Furthermore, the thickness increase which was confined to the inlet cone, was

selected equal to

At, = (E,/E,t, (16)

On this basis, K (computed from the AGC stresses) was found to be 70 for the unthick-~

ened reinforcement and 60 for the thickened reinforcement.

Thermal stresses were computed at three transverse sections of the nozzle
on the assumption of long cylinder behavior considering interaction between the car-
bon and metal. Temperatures were calculated using transient axisymmetric heat
transfer. Stresses were determined for the temperature distribution at 10 and at
45 seconds after startup, for which times AGC reported peak axial stresses of 8650

psi and 8500 psi, in the carbon.

2. Comparison with ARA Theory

The following table summarizes the theoretical ongitudinal nozzle stresses as

computed by AGC and by ARA
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T

AGC (Ref. 1) ARA _ARA

TAGC
Pressure (K)
4 .

(Entrance cone) 70 0. 06
Temperature* 8650 e
o(psi) (10 sec. after startup) 16, 000 1.9

*Throat
**Thermal Shock, Any Location

As may be seen in the last column, the highly simplified ARA analysis pre-
dicts pressure stress considerably lower than those predicted by AGC in Reference
1. On the other hand, thermal stresses show the opposite relation. However, these
latter values pertain to different times. The AGC stresses are related to a more
diffuse (radially) temperature field than those calculated by ARA. In this latter case,
the interaction with the reinforcement would be small at such a short time after
startup whereas the 45 second temperature field would induce significant stresses in
the metal. Consequently, it is not possible to relate metal stresses in the same

manner as the throat stresses computed from these analyses.
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1I1. Experimental Investigation of Two-Dimensional Models

A. Material Properties

1. Epoxy

The data on model material properties were obtained at the start of the investi-
gation. Young's modulus for the Hysol 4290 plastic used in these experiments was
determined from a load-deflection test using a dual objective microscope and a pneu-
matic universal testing machine both of which were developed by ARA. A photograph
of the experimental arrangements for these measurements is presented as Figure 3.
Young's modulus for the material used in this program was determined to be 505, 000
psi.

The material fringe value at room temperature of the Hysol 4290 plastic was
measured by loading a disk in diametral compression and recording the forces re-
quired to produce integral fringe orders at the center of the disk. The material fringe
value, f = 53. 0 psi-in/fringe, was determined from the slope of the line faired through

the data.

The Young's modulus and material fringe value variation with temperature
were considered using data of accuracy sufficient for this program. These data were

obtained on earlier ARA work in photothermoelasticity analysis.

2. Magnesium and Aluminum

During the course of this program, the Young's modulus values used were

10, 500, 000 psi for aluminum and 6,500, 000 psi for magnesium.

B. Preliminary Models

1. Epoxy

A broad understanding of the stress distribution in a composite structure can
be obtained from examination of the simplest structure that can be derived realisti-
cally from the actual model. Working from this premise a preliminary two-dimen-
sional model of a longitudinal slice thru the Algol IIB nozzle was fabricated from a
sheet of photoelastic plastic. This model was subjected to a uniform moment load
using the experimental arrangement of Figure 4. The resulting fringe pattern, as
viewed in a dark field polariscope, is shown in Figure 5a. It is typical of beam
behavior, even in the neighborhood of the nozzle throat. The shallow entrance cone
and rapidly changing wall thickness in the throat region do not appear to have altered

significantly the general beam characteristic of the stress distribution.
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2. Epoxy and Magnesium

The longitudinal section of the Algol IIB preliminary model was modified to
represent the prototype more closely by adding a magnesium insert to simulate the
stiffness of the steel housing of the prototype nozzle. The combination of magnesium

and plastic resulted in a model with m = 13.

The uniform moment test was performed on this model and produced the stress
distribution depicted by the fringe patterns in Figure 5b. Once again, the general

bending stress distribution is evident.

3. Epoxy and Aluminum

In order to examine experimentally the dependence of the stress distribution
on the modulus ratio of the component materials, the model was modified again by
removing the magnesium insert and replacing it with an aluminum insert. This
modification changed m from 13 to 20. The fringe pattern for this configuration,
shown in Figure 5¢, was produced by the same uniform moment load used for the
first fwo models. Hardly any difference from the pattern of Figure 5b may be ob-

served. This result would conform with the prediction of Section IIA.

4. Stress Concentration Models

In this experimental stress analysis on a composite structure with bonded
components it was felt to be of design significance to determine whether possible
trouble may result from the stress concentrations which would be caused by local
failure of the bond between components. This condition was investigated by making
saw cuts in the preliminary aluminum/epoxy model as shown in Figure 6. After the
first cut, the model was subjected to a moment load, generating the fringe pattern
shown in Figure 7a. A second cut was made elongating the slit to one inch, after
which the model was retested under the same loading condition yielding the fringe

pattern depicted in Figure 7b.

C. Two-Dimensional Models

1. Bending Tests

Based on the confirmation obtained from the preliminary models on the re-
liability of a composite magnesium/epoxy model, two-dimensional models of a longi-
tudinal section of the Algol IIA and Algol IIB nozzles were made from type AZ31B
magnesium and Hysol 4290 epoxy. The models were subjected to a series of pre-

cisely controlled moment loads while in a polariscope to provide data for determining

10
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the relation between moment and stress throughout the longitudinal sections, and to

permit accurate correlation of theory and experiment.

The models were loaded in the experimental arrangement shown in Figure 8.
The supports for the model in this experiment were suspended from pivot points to
allow lateral motion as it bent under the application of the moment load, thereby pre-
venting a spurious loading from the model supports. The loading forces were gener-

ated by dead weights.

The tests were performed with the model placed in a dark field circular po-
lariscope, illuminated with uniform white light. Fringe pattern photographs were

taken through an interference filter which transmits a sharp band at 5461 A.

The first series of tests provided satisfactory stress information in the en-
trance and expansion cone regions of the models, but the stresses in the throat area
were too low to yield accurate distributions employing the fringe interpolation method.
This condition can be seen in the fringe patterns depicted in Figures 9 and 10 which
were generated by 55 in-lb moments. Larger moments than this were not applied to
the models in this arrangement in order to avoid creep and possible failure at the

exit cone location.

Since the stress distribution in the throat area produced low fringe orders,
accurate data were obtained at the inner edge of the model with a Babinet compen-
sator which permits fringe order measurement precision well within 1 percent. The
edge stress distribution obtained from the Babinet compensator reading is given in
Figure 11 for the Algol IIA model and in Figure 12 for the Algol IIB model. In order
to obtain a higher level of stress in the throat area without overstressing the thinner
areas of the model, the experimental arrangement was changed by adding a fitting

to apply the moment load near the throat section as can be seen in Figure 13.

Moment loads up to 140 in-lb were applied with this test arrangement which
induced fringe orders high enough to reveal clearly the nature of the stress distri-
butions in the throat area and the inlet area, as can be seen in Figure 14 for the
Algol IIA model and in Figure 15 for the Algol IIB model.

2. Thermal Gradient Tests

For convenient application of the thermal input to the two-dimensional models
of the longitudinal sections of the IIA and IIB, the models were divided into the four

regions shown in Figures 16 and 17 for thermal gradient tests. Each area was tested

11
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separately by supporting it uniformly from below and applying a shaped piece of dry
ice to the upper surface with a 1/16 in. thick piece of silicone rubber between the ice
and the plastic to reduce the thermal shock at the edge of the plastic. If the thermal
shock were not diminished in this manner, the fringes generated in the plastic would
have been so closely spaced that definition would have been diminished with conse-

quent loss in reliability of the reduced data.

The fringe pattern photographs were taken at 1/2, 1, 2, 4, and 6 minutes after
the application of the dry ice. Results for the Algol IIA model are presented as
Figures 18 through 21, and forthe Algol IIB, in Figures 22 through 25.

Upon completion of the thermal input test series in which photoelastic fringe
pattern photographs were taken, the series was rerun to check the temperature distri-
butions, although experience with photothermoelasticity has always revealed excellent
correlation of stresses with temperature profile data. Thermocouples were im-
planted in the models as shown in Figures 16 and 17. A schematic drawing of the

apparatus used to measure and record the temperature data is presented in Figure

26. The temperature profiles are shown in Figure 27 for four stations on the IIA

and the IIB models.

3. Local Pressure Tests

The influence of reinforcing material on the stress distributions in the non-
metallic components of the nozzle was investigated by local pressure experiments
which were designed specifically to test the longitudinal '"smearing" action of the local
stress field by the metallic reinforcement. The model was placed with a section of
the outer surface resting on a rigid support and a uniform pressure was applied
through a load distributing pad at the corresponding section of the inner surface.

Each model was loaded at the entrance section and at the throat section. The fringe
patterns resulting from these tests appear in Figure 28 for throat sections and
Figure 29 for entrance sections. There is little evidence of smearing or stretching

of the fringes in the plastic adjacent to the magnesium reinforcement.

4. Artificial Stress Concentration Tests

In order to determine the influence of cement failures in the bonded areas of
the inserts of the prototype nozzle, small holes were drilled in the two-~dimensional
models as shown in Figure 30. It was felt that a hole would provide a more reliable

indication of debonding sensitivity than an arbitrary slit of uncertain character.

12




The models were loaded to 69. 6 in-1b in the test apparatus shown in Figure 13.
¥Fringe pattern photographs of the unloaded and loaded model of the Algol 1IA are
shown in Figurc 31 and of the Algol IIB in Figure 32. There is little doubt that weak-
nesses at the entrance and exit cone cemented joints in the prototype would tend to
propagate in these areas adjacent to the carbon insert if high tensile stresses were

to occur at those locations.

One of the most interesting results is the observation of local stresses in the
plastic at the magnesium insert, visible in Figure 31. These joints were made with
epoxy cement, although probably of a composition different from the cement employed
on the prototype. The local stresses induced by cementing of epoxy models are a
well-known effect in photoelasticity. Even through exercise of extreme care these
stresses cannot always be eliminated. There may be significance of this result to the

prototype fabrication process.

D. Comparison of Theory with Experiment

1. Bending

The theoretical relation between stress and moment appear in Figure 33 to-
gether with the stress distribution obtained from reduction of the fringe pattern data.
Considering the rapid changes in section of both the plastic and reinforcement, the
shortness of the beams in each section, the more or less arbitrary choice of section
orientation, and the abrupt beginning and termination of the reinforcement, reasonable
agreement is indicated in the entrance cone and throat regions. Downstream excellent

correlation of theory and experiment is evident.

2. Temperature

Past experience in photothermoelasticity has shown consistently excellent
agreement of experimental data with theoretical stresses based on temperature distri-
butions. Consequently, it was felt necessary only to conduct check temperature
measurements and to correlate the data with approximate temperature profiles to
establish agreement of stress profiles with temperature fields. The stresses deter-
mined photothermoelastically compared favorably with theoretical stresses deter-
mined for the thermal shock portion of the temperature cycle where the temperature

gradient near the edge usually conforms to an exponential distribution.

T =T e (17)

13
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Comparisons were made with the experimental data by first converting the
photothermoeclastically measured stresses into temperatures with the aid of the thermo-
couple data, as shown in Figure 34. The shape of that temperature distribution was
then compared to an exponential decay in the the rmal shock region near the chilled
cdge of the model. Good agreement was obtained, as may be seen in the typical ex-

ample of Figure 34.
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IV. Experimental Investigation of Three-Dimensional Model

A. Introduction

Because of the problems of stress freezing a composite epoxy/magnesium
model, three-dimensional testing was conducted at room temperature utilizing bonded
polariscopes in selected locations to reveal the character of the stress distribution.
The three-dimensional photoelastic model was an accurate 1/4 scale reproduction of
the prototype Algol IIB using Hysol 4290 epoxy for the refrasil insulator, carbon
throat and fiberglas filled epoxy wrap. The steel reinforcement of the prototype was
duplicated in Type AZ31B magnesium alloy. A drawing of the photoelastic model is

shown in Figure 35.

Fabrication and experimentation on this model consumed the major portion of
the investigation. The production of the model required coordination of rough ma-
chining, construction and placement of bonded polariscopes, finish machining of the
entrance cone and throat region, reinforcement, exit cone, and plexiglas sleeve;
cementing of these components; and final finishing of details for test such as attach-

ment of pressure lines. The details are discussed in the following sections.

B. Bonded Polariscopes
1. Design

Light field circular polariscopes were chosen for mechanical and photoelastic

reasons. Mechanically, a light field polariscope can be made from a pair of single
sheets of comme rcially available circularly polarizing plastic. A dark field polari-
scope would require an extra piece of plastic with two additional bonding surfaces.
Photoelastically, a circular polariscope is desirable because is suppresses the iso-
clinic pattern which is superimposed on the isochromatic pattern in a plane polari-

scope.

The two general stress fields of most interest in a structure of this type are
circumferential stresses (which can be seen in a polariscope embedded in the model
on a plane transverse to the central axis of the nozzle) and bending stresses (which
are revealed in a polariscope embedded parallel to the central axis). The transverse
polariscopes are easiest to embed in the model because a direct line of sight is
available through the polariscope for illumination and viewing. On the other hand,
the line of sight through the longitudinal polariscope is blocked by the metal housing
of the model. This requires inclusion of mirrored surfaces bonded within the model
so that, by the use of supplementary external mirrors, the fringe pattern can be

observed by looking along the axis of the model.

15
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2. Location

After studying the data obtained in the early stages of the investigation, and
tollowing discussions with NASA, it was decided to place circumferential polariscopes
at the throat area of the nozzle and at the expansion end of the metal reinforcement.

A series of longitudinal polariscopes extended the length of the model from the flange
at the inlet section to two inches beyond the end of the metal housing in the expansion

portion of the nozzle. The polariscope locations are depicted in Figure 36.

3. Construction

The bonded polariscopes were fabricated as subassemblies employing a plate
1/4 inches thick cut from the same plastic material as the model, and circular polar-
izer type HNCP-37 cemented to each face of the plastic plate (Figure 37). The longi-
tudinal polariscopes required the addition of another block of plastic cemented to one
side with a flash silver reflector at 45°. These subassemblies (Figure 37) were
cemented and cured before insertion into the model. The rough machined entrance
and exit cones were cut to receive these subassemblies, which were cemented into

place before finish machining began.

C. Fabrication Technique

In order to obtain the stress distribution associated with the basic shapes of
the prototype nozzle, it was decided to manufacture the nozzle model with a minimum
number of bonded joints. To accomplish this objective the inlet and throat area of

the nozzle were machined as one piece from a solid block of epoxy.

Figures 38 through 41 show this section of the model in stages of completion.
Figure 38 shows the roughed out block of the section. In Figure 39 the section has
been cut and the polariscope segments have been bonded in place. Figures 40 and
41 display the entrance cone and throat region with all polariscopes in place and

ready to be cemented into the finished assembly.

Figures 42 and 43 depict the blanked and finished magnesium housing element

of the nozzle.

The blank from which the expansion cone was fabricated is depicted in
Figure 43 and a view of the finished cone, including the downstream portion of the

longitudinal polariscope, appears in Figure 45.

A spread out view of the entire nozzle prior to the final bonding operation is

shown in Figure 46. Figures 47 and 48 depict the completed nozzle.

16



D. Pressure Testing

I. Loading Techniques

To simulate the pressure loading applied during hydrostatic test of a proto-
type nozzle, the plexiglas cylinder was fabricated and installed in the throat section
of the model as shown in the drawing of the complete model (Figure 35) and in the
end view of the model (Figure 48). Plexiglas end plates were bolted to the magnesium
housing to close the inlet end of the nozzle and to simulate the constraint imposed by

the end closure of the rocket.

The model was tested with pneumatic pressure as shown in Figures 49 and 50.
Figure 49 depicts the arrangement for photographing both circumferential polari-
scopes, and the longitudinal polariscope up to the throat of the model. In order to
photograph the portion of the longitudinal polariscope which extended beyond the metal
housing into the expansion section of the nozzle, the model was placed in a Halowax/
paraffin fluid filled plexiglas tank. The index of refraction of the fluid was matched
to the epoxy. This precaution was necessary to prevent distortion of a fringe pattern
due to refraction of light at the surface of the model. The photograph ot the tank

assembly appears in Figure 50.

A further precaution was taken to avoid accidental failure of the model at the
low strength silver flashed internal mirror surface near the longitudinal bonded
polariscope. This was accomplished by limiting the model pressure to 50 psi maxi-

mum. Actually, most of the pressure data were recorded at 30 to 40 psi.

2. Data

Color photographs were taken of the fringe patterns in the polariscope at zero
pressure and at a test pressure of 40 psi. Figure 51 depicts the fringes revealed
by the longitudinal polariscope in the entrance section of the nozzle. A low level
fringe order is evident in the zero pressure photograph which indicates a residual
stress generated by the bonding process. This fringe order increased with the applied

pressure and was the highest stressed point found in the model.

Figure 52 shows the circumferential polariscopes loaded and unloaded. There
were no discernable fringe patterns generated in the test. Figure 53 depicts the
longitudinal polariscopes in the throat area. The photograph taken during the pres-
sure test reveals an increase in fringe order of approximately 0. 1 under a pressure
rise of 40 psi. The test made to observe the stress in the longitudinal polariscope
in the expansion section of the nozzle showed no observable increase in the fringe

order as can be seen in Figure 54.

17
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E. Exploratory Thermal Loading

In order to explore the general nature of the three-dimensional thermal stress
field. Halowax oil was cooled to 50F and was then poured rapidly into the entrance
cone of the model while it was in the upright position shown in Figure 50. The fringe

order observed in the model was of the order of 3/4 to 1.

With the model initially at 72F, this provided 22F temperature difference
which theoretically would have induced a peak circumferential thermal stress in the
epoxy of 275 psi according to Equation 15 using C = 1/2 as a representative value
based on past experience. Since the polariscope thickness was 1/4 in., then the

theoretical fringe order would have been 275 x 1/4/55, or 1. 25.

A more precise value of C would require the addition of thermocouples to the
model to obtain accurate temperature profiles as functions of time, followed by

accurate thermoelastic analysis.

F. Correlation of Theory with Experiment

The elementary ARA theoretical stress analysis of Section IIB1 agreed in
order of magnitude with the experimental observations of the three-dimensional in-
vestigation., whereas the AGC theory of Reference 1 over-estimated the stresses by
a factor of 18. The implication to be extracted from this result is the large
underestimate, by AGC, of the longitudinal bending stiffness of the nonmetallic com-
ponents of the nozzles. A theoretical comparison of the bending and radial properties

was presented in Section IIA4 on the basis of the elementary ARA theory.

In deriving the relation in Section IIB1 for the theoretical stress in the nozzle,
it was assumed that the outer periphery (at the attachment to nozzle flange) was
clamped. However, an approach to a completely clamped condition is seldom attzined
at a bolted connection. The relatively good agreement of the experimental resulit
with the elementary theory can only be interpreted as agreement of the observed and
theoretical structural behaviors. The fringe orders were too low to permit a more

significant interpretation.

18
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V. Conclusions

The results of the two-dimensional investigations indicate that a use-
ful theoretical stress analysis could be made of a metal reinforced
nozzle if it were to be considered an orthotropic shell with radial and
circumferential section properties determined as shown in Section IIB1

of this report.

The low stress ratios which were found experimentally indicate the
nozzle may be overdesigned if it were to be considered a homogene-
ous nonmetallic shell reinforced by a metal sleeve. The effect of
cemented connections of components which comprise the actual nozzle,
however, may change the useful strength considerably. The cemented
connections appear to have been made in regions of maximum tension

stress arising from the internal pressure.

The AGC theory of Reference 1 appears to be unduly conservative as

a means of estimating the nozzle strength as a homogeneous shell.
Furthermore, questionable estimations appear to have been made of the
proper longitudinal bending cross section properties in developing

that theory.

The maximum thermal stress in the nozzle, according to the time/
temperature data in the AGC theoretical analysis, would have occur-
red 10 seconds after ignition as a thermal shock. The peak stress
at that time would have been expected to be double the value reported

theoretically by AGC, which pertained to 45 seconds after ignition.

Residual stresses from component bonding may initiate problems in
the prototype where less control is possible than in fabrication of the

scale models.
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Recommendations

Pressure and temperature loadings should be increased to obtain
more accurate stress data. For this purpose the plexiglas sleeve
should be removed to represent more closely the condition existing

in the prototype.

Comparison of the experimental data on the actual model, using
model material properties, should be made with a more accurate
theory. Presumably this is available in the method described by

Wilson in Reference 2.

A study should be conducted of the possibility of utilizing 'a modeling
procedure which circumvents the laborious and expensive three-
dimensional method. One possibility appears to lie in the use of a
technique for simulating the elastic foundation approach to the analy-

sis of shell behavior under local bending.

Consideration may be given to alternate design concepts. The pur-
pose of such a study would be to evolve construction techniques
which could take full advantage of the strength of the nozzle without
penalties instituted by weak connections. One such possibility is
shown in Figure 55 as a schematic representation. The locations
and orientations of the nonmetallic connections are shown in a man-
ner which emphasizes the minimum interference which they could
exert upon the basic strength of the nozzle. It is felt that a pro-
gram of design concept development with such a goal would be a

worthwhile extension of the steps taken in this project.
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FIG. 44
BLANK FOR EXPANSION SECTION OF NOZZLE
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FIG. 45

FINISHED EXPANSION SECTION WITH
LONGITUDINAL POLARISCOPE
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FIG. 46
ALGOL I B NOZZLE COMPONENTS
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FIG. 47

COMPLETED ALGOL I B NOZZLE
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FIG. 48
PRESSURE CLOSURE IN THROAT
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FIG. 51

STRESSES IN ENTRANCE SECTION
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FIG. 52
STRESSES AT CIRCUMFERENTIAL POLARISCOPES
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FIG. 53
STRESS AT THROAT SECTION
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FIG. 55
POSSIBLE NOZZLE REDESIGN CONCEPT
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